IN spite of the development of refined hemodynamic and angiographic technics for evaluation of the mechanical function of the heart valvJes, the assessment of the function of the myocardium remains a difficult problem in man. Although the ventricular end-diastolic pressure has been employed frequently for determining the presence or absence of heart failure, a number of factors other than myocardial contractility can affect this measurement profoundly, thereby limiting its usefulness in the characterization of ventricular function.' Another approach to the study of cardiovascular function has been the measurement of cardiac output at rest and during exercise and the calculation of the ratio of the increase in cardiac output to the increase in total-body oxygen consumption.2 Although this ratio indicates the degree to which the output of the heart is capable of satisfying the increased metabolic demands of exercise, it is not helpful in differentiating mechanical from myocardial factors that may limit the cardiac output. Even in the absence of valvular abnormalities, measurement of cardiac output without ventricular diastolic pressure does not provide an accurate assessment of ventricular function.3 4In some studies right ventricular end-diastolic pressure or pulmonary artery wedge pressure has been measured and related to the cardiac output at rest and during exercise,5-7 providing valuable information concerning the cardiovascular response to stress. However, t-he changes in the contractile state of the myocardium due to the variations in nervous and humoral influences,8-10 as well as the alterations in intrapleural pressure during exercise, have From the Cardiology Branch, National Heart Institute, Bethesda, Maryland.
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Circulation, Volume XXIX, May 1964 limited the interpretations that can be made from such measurements.
In view of the usefulness of assessing ventricular function in experimental animals by relating filling pressure to ventricular performance over a range of filling pressures,3 [11] [12] [13] it was thought that a similar approach might be useful in man. The construction of ventricular function curves by means of blood infusions, the method employed most frequently in experimental animals, has not been practical, however, in unanesthetized human subjects because of the rapid reflex adjustments to acutely induced hypervolemia. '4-16 Recently, it has been shown in normal human subjects that the pressor agent, angiotensin, produces an increase in left ventricular work primarily by augmenting the resistance to ventricular ejection, and that this response is accompanied by an increase in the pulmonary artery wedge pressure.'7' 18 It therefore appeared that the infusion of angiotensi.n might prove useful for the evaluation of left ventricular function in man by imposing a readily controlled pressure load on the left ventricle. The present investigation was undertaken to determine the effects of graded infusions of angiotensin on left ventricular dynamics in patients with and without clinical evidence of impaired left ventricular function.
Methods
Studies were performed in 18 patients who were in the postabsorptive state and had received 100 mg. of pentobarbital. None of the patients was considered to have aortic or mitral valvular regurgitation. Left ventricular pressure was measured by transseptal left heart catheterization in 15 patients and by retrograde arterial catheterization in three patients. Cardiac output was determined by the indicator-dilution method, as previously described. 16 The stroke work of the left ventricle was calculated from the formula SV x (LVS -LVED) x 1.36 100 in which SV equals the stroke volume in milliliters, LVS equals the mean left ventricular pressure during ejection in millimeters of mercury, determined by planimetric integration, and LVED equals the left ventricular end-diastolic pressure. Systemic arterial pressure was measured through an indwelling needle in the brachial artery.
With the patient in a basal state, cardiac output, systemic arterial pressure, and left ventricular pressure were measured and an intravenous infusion of angiotensin * was begun at 1.25 £g. per minute. Systemic arterial pressure and left ventricular end-diastolic pressure were monitored continuously while the infusion rate was increased at 4-to 5-minute intervals until a distinct pressor response was noted, in association with an elevation of left ventricular end-diastolic pressure of between 5 and 10 mm. Hg. This required an infusion rate of angiotensin that ranged from 1.25 to 7.50 jtg. and averaged 3.20 zg. min. Cardiac output and pressures were then remeasured. It
Angiotensin II, Hypertensin (Ciba).
Effects of Angiotensin Infusioni on
was found that a low initial infusion rate (1.25 ug./min.) was desirable, since a few patients developed large increases in left ventricular enddiastolic pressure with this dose. In most of the patients the infusion rate was subsequently increased further until left ventricular end-diastolic pressure had increased by another 5 to 10 mm. Hg. The rates of angiotensin infusion at the highest levels of left ventricular end-diastolic pressure ranged from 1.25 to 10.25 and averaged 5.20 Ag. min. Cardiac output and pressures were again measured and the angiotensin wvas discontinued. The durations of the angiotensin infusions averaged 18 minutes. Following cessation of the infusion, the pres!sures rapidly returned toward normal and reached control values within c 1 minutes. Mild hypotension was observed vithin 2 hour following discontinuation of angiotensin in two of the subjects without left ventricular disease (G.M. and D.E.). These occurrences were treated with brief intravenous infusions of metaraminol, and the hypotension did not recur thereafter. In two other patients (P.D. and A.B.) mild urticarial reactions occurred, and three subjects experienced slight headache during the highest rate of angiotensin infusion. No chest pain, significant electrocardiographic alterations, or other untoward re- LEFT VENTRICULAR FUNCTION AND ANGIOTENSIN 
Results
The hemodynamic effects of angiotensin infusion are summarized in tables 1, 2, and 3. The patients have been divided into three groups on the basis of both the shapes and relative positions of their left ventricular function curves, i.e., the relationship between left ventricular end-diastolic pressure and left ventricular stroke work ( fig. 1 ). In group 1, the ventricular function curves were steep, relatively large increases in left ventricular stroke work accompanying the increases in left ventricular end-diastolic pressure. In group 2, the curves were less steep than those in group 1, the maximum amounts of stroke work achieved at elevated end-diastolic pressures were lower, or the curves began to descend at normal left ventricular end-diastolic pressures; in group 3 no change or decreases in left ventricular stroke work were associated with the elevations of ventricular end-diastolic pressure. This hemodynamic classification was in general corroborat-Circulation, Volume XXIX, May 1964 Group 1 This group consists of six patients in whom left ventricular function is considered to be normal or near normal. One of these patients (G.M.) had a functional murmur and two (T.T. and D.E.) had minimal pulmonic stenosis with right ventricular systolic pressures of 25 and 42 mm. Hg, respectively. Patient P.C. had undergone complete correction of valvular pulmonic stenosis 2 months prior to study, and no residual pressure gradient was found at cardiac catheterization. Two patients (C.O. and R.L.) had inactive rheumatic heart disease with pure mitral stenosis, slight dyspnea on marked exertion, and at left heart catheterization had end-diastolic, left atrioventricular pressure gradients of 10 and 12 mm. Hg, respectively.
Prior to the administration of angiotensin the left ventricular end-diastolic pressures of the patients in group 1 were all within normal limits,19 ranging from 3 to 9 mm. Hg (table   1) , and the cardiac indices exceeded 2.50 L./nmin.//M.2, being either normal or slightly elevated. The initial portions of their ventricular function curves were steep, relatively large elevations of stroke work occurring with small increases in ventricular end-diastolic pressure; the curves became less steep when left ventricular end-diastolic pressure exceeded 12 mm. Hg (fig. 1 ). The elevations of ventricular stroke work during the an-giotensin infusions resulted from increases of left ventricular systolic pressure, which occurred in every patient, and of stroke volume, which were observed in five of the six patients (figs. 2 and 3). Heart rate did not change in a consistent direction, the cardiac index increased in five of the six patients, and left ventricular minute work increased by more than 1.0 Kg. M. in every patient ( fig. 4 ). Relationship between stroke volume index (SVI in ml. per M.2 BSA) and systolic pressure before and during increasing rates of angiotensin infusion.
Group 2
This group consists of six patients in whom the ventricular function curves were distinctly lower than those observed in the patients in group 1. Four of the patients (L.W., E.W., A.B., and E.T.) had inactive rheumatic heart disease with the physical findings of pure mitral stenosis. Although at left heart catheterization these four patients exhibited hemo-Circulation, Volume XXIX, May 1964 left ventricular dynamic evidence of only trivial obstruction to left ventricular filling, with end-diastolic atrioventricular pressure gradients ranging between 1 and 4 mm. Hg, all of them complained of dyspnea on normal activity, had roentgenographic evidence of cardiac enlargement, and were receiving digitalis. Patient C.D. was studied 3 months following pulmonic valvulotomy. During this interval, his physical ac- tivity had been markedly limited and a residual pressure gradient of 80 mm. Hg between the right ventricle and pulmonary artery was present at the time of the study. Patient S.L. had experienced congestive heart failure of unknown cause 5 months prior to admission and was considered to have a cardiomyopathy. Although symptoms were denied at the time of study, his activity had been restricted and he was receiving digitalis. Prior to the administration of angiotensin the left ventricular end-diastolic pressures were within normal limits, i.e., 12 mm. Hg or less in all six patients in group 2, and the cardiac indices were within normal limits in five patients and slightly reduced in one patient (E.T.). As in the patients in groulp 1, an increase in ventricular stroke work occurred during the angiotensin infusion in each patient ( fig. 1 ). The responses of the left ventricle in the patients in group 2, however, differed from those in group 1 in one of two ways. Either the maximum levels of stroke work in the patients in group 2 were lower than in the patients in group 1, in spite of higher left ventricular end-diastolic pressures (patients E.W., E.T., C.D., S.L.), or the ventricular function curves, which were initially steep, became flat or began to descend at left ventricular end-diastolic pressures, which were within normal limits (L.W. and A.B.). A comparison of the stroke work indices of the patients in group 2 with those in group 1 showed that at normal levels of left ventricular Diagram showing a comparison of the ranges and relative positions of the ventricular function curves of the patients in groups 1, 2, and 3. SWI, stroke work index; LVED, left ventricular end-diastolic pressure.
end-diastolic pressure (10 mm. Hg and 12 mm. Hg) the range of values in the two groups were essentially identical; however, at higher levels of left ventricular end-diastolic pressure (15 mm. Hg and 20 mm. Hg) the values for left ventricular stroke work in the patients in group 2 tended to be lower than those in group 1 (table 4 ). In each patient in group 2 the angiotensin infusion elevated left ventricular systolic pressure, but in contrast to the findings in the patients in group 1, stroke volume showed no consistent change (figs. 2 and 3). Since heart rate decreased in five of six patients, cardiac index either showed no change or declined, while minute work increased only slightly ( fig. 4 ). Group 3 This group consists of six patients in whom the left ventricular function curves were considered to be markedly depressed. Three patients (J.W., R.S., and I.G.) had cardiomegaly of undetermined etiology; one of these patients (R.S.) was convalescing from an episode suggestive of acute myocarditis, and another (I.G.) had a familial cardiomyopathy. Two patients (B.C. and C.C.) had minimal mitral stenosis with end-diastolic left atrioventricular pressure gradients of 2 and 3 mm. Hg, respectively; C.C. had previously undergone mitral commissurotomy. In patient M.D. mitral commissurotomy had been performed on two occasions, and a residual end-diastolic pressure gradient of 8 mm. Hg was present. All patients in group 3, with the exception of patient M.D., had orthopnea, serious limitation of ordinary activity, and were receiving digitalis at the time of the study.
Prior to the administration of angiotensin the left ventricular end-diastolic pressures were normal in four of the patients and slightly elevated (14 mm. Hg) in two. The cardiac indices during the control state exceeded the lower limit of normal (2.50 L./min./M.2) in three patients, and were reduced in the other three (table 3) . The ventricular function curves of the patients in this group either were flat, i.e., exhibited no elevation of stroke work as left ventricular end-diastolic pressure rose, or they declined with progressive elevations of the left ventricular end-diastolic pressure (fig.  1 ). The levels of stroke-work index observed at comparable levels of left ventricular enddiastolic pressure were lower in the patients in group 3 than in the patients in groups 1 and 2 (table 4). While the maximum levels of stroke work that were achieved ranged between 49 and 77 Gm. M./M.2 in the patients in group 2, in the patients in group 3 the fig. 3) , in contrast to the findings in the patients in the otlher two groups, stroke volume fell in every patient in group 3 as the arterial pressure and left ventricular enddiastolic pressure rose (figs. 2 and 3). With the exception of the patient with atrial fibrillation, heart rate showed little change; the cardiac index declined in every patient, while the changes in minute work were small and not consistent ( fig. 4 ).
Discussion
The present investigation was designed to assess left ventricular function in man by determining the effects of increasing the resistance to left ventricular ejection on the relationship between ventricular end-diastolic pressure and ventricular performance. In the isolated mammalian papillary muscle that is maintained at a constant initial length, an increase in the muscle's afterload, an intervention in the isolated muscle analogous to increasing the resistan-ce to ventricular ejection, at first augments the mechanical work performed by the muscle. With further increase in the afterload, however, the work performed diminishes.A In isolated hearts or in areflexic experimental animals in which heart rate is held constant, an increase in resistance to ventricular ejection, within a certain range, does not evoke striking alterations in ventricular end-diastolic volume, segment length, or pressure." 23 However, with stroke vJolume held constant, when resistance to ventricular ejection is increased beyond a certain limit, an elevation of ventricular end-diastolic pressure ensues; furthermore, wvhen the function of the heart is depressed, any increase in aortic pressure is accompanied by elevation of left ventricular end-diastolic pressure.22 In experiments in which stroke volume is not controlled, a decrease in stroke volume occurs when aortic pressure is elevated above a certain level; in addition, in depressed hearts, stroke volume diminishes with any increase in aortic pressure. 2- In the present study, carried out in intact human subjects, angiotensin was employed to augment the resistance to ventricular ejection. This drug was chosen primarily because it is thought to have little direct influence on ventricular function.24"2 In addition, it produces smaller changes in venous tone than do other pressor agents.26 25 A possible disadvantage to the use of a pressor agent, or indeed any stress, in the evaluation of ventricular function in intact man is that the circulatory stress may induce reflex alterations of cardiac performance.29 ' Since the present invJestigation, however, involved a comparison of the responses to arterial pressure elevations of comparable magnitude in all three groups of patients, it would seem most unlikely that reflex effects alone could account for the marked differences in ventricular function noted among various patients. Moreover, it is of interest that in intact animals marked elevation of the resistance to left ventricular outflow produced by compression of the ascending aorta, an intervention which in contrast to that employed in this study might be expected to increase sympatlhetic tone reflexly due to carotid sinus hypotension, also results in a significant elevation of left ventricuilar end-diastolic pressure. 13 A wide spectrum of left ventricular responses to the angiotensin infusion was encountered in the 19 patients who were studied. Since no independent method is available for the assessment of ventricular function in intact man, it was necessary to interpret these responses in a somewlhat arbitrary manner. Although the responses were divided for convenience into three separate groups, it is appreciated that they form a continuum. It seems clear, however, that if a ventricle responds to an increased resistance to ejection with an augmentation of stroke work and only a minimal increase in ventricular end-diastolic pressure (group 1), then its function is superior to that of a ventricle which responds to that same stress with a smaller increase in stroke work or a larger increase in end-diastolic pressure Circulation, Volmine XXIX. MAa 1964 (group 2). Similarly, the function of a ventricle that responds to an increase in resistance to ventricular ejection with a diminution of stroke work and a large increase in end-diastolic pressure (group 3) is depressed in relation to that of the other two groups. Since left ventricular systolic pressure was elevated to comparable levels by angiotensin in all three groups of patients ( fig. 3) , the response of the stroke volume was the chief determinant of the calculated stroke work. Thus with angiotensin infusion the stroke volume usually increased in the patients in group 1, remained unchanged in the patients in group 2, and declined in the patients in group 3.
The potential value of a stress, such as the one employed in this study, for the evaluation of ventricular function is illustrated by the observation that the basal values for left ventricular end-diastolic pressure, cardiac index, and ventricular stroke work, were often in the same range in patients in all three groups. A clearer separation of the levels of ventricular function among various patients became apparent, however, during the stress imposed by increasing the resistance to ventricular ejection ( fig. 5 ).
It is of interest that there was a correlation between the functional capacity of a patient and the shape and position of his left ventricular function curve. The patients in group 1 were all essentially asymptomatic and their disease processes would not be expected necessarily to affect left ventricular function; the patients in group 2, who exhibited less of an increase in stroke work with angiotensin infusion, all had some clinical disability without significant mechanical valvular obstruction. Finally, the patients in group 3, who responded to angiotensin infusion with no change or a decrease in stroke work had, with one exception, the most marked degrees of disability.
Left ventricular function appeared to be depressed in patient C.D. (group 2), in whom severe pulmonic stenosis had been inadequately relieved. This finding may be relevant to studies in which elevations of left ventricular end-diastolic pressure or depressed left ventricular function have been observed in dogs Circulation, Volume XXIX, May 1964 with experimentally-induced valvular lesions of the right heart.12' 31 It is also possible that obstruction to right ventricular outflow and right ventricular hypertrophy impeded left ventricular filling and thereby resulted in an apparent change of left ventricular function. The observation that there were patients with mitral stenosis in all three groups suggests that varying degrees of myocardial depression may occur in this disease. In this connection it is of interest to contrast the left ventricular function curves of patients R.L. and C.O. in group 1 with those of patients C.C. and B.C. in group 3. The former patients had significant obstruction to left ventricular filling and reacted to angiotensin with steep left ventricular function curves. The latter two patients, although clinically exhibiting marked limitation of cardiac reserve, had trivial obstruction at the mitral valve and markedly depressed left ventricular function curves. It seems likely that the symptoms in these patients were related to depression of left ventricular function, a depression similar to that noted in the three patients with cardiomyopathy unassociated with valvular heart disease (J.W., R.S., and I.G.).
Summary
The performance of the left ventricle was studied in 18 patients by determining the effects of increasing the resistance to left ventricular ejection with graded infusions of angiotensin. By this means, left ventricular function curves, i.e., the relationship between ventricular end-diastolic pressure and stroke work, were constructed. In patients without left ventricular disease the ventricular function curves exhibited steep ascending limbs, large increases in stroke work occurring with small elevations of left ventricular end-diastolic pressure; in contrast, in patients with cardiac disease, the ventricular function curves were either flat, i.e., small changes in stroke work occurred with large elevations in left ventricular end-diastolic pressure, or the function curves exhibited descending limbs. Prior to the infusion of angiotensin many patients with and without depression of their left ventricular function curves had comparable values of left ventricular end-diastolic pressure and stroke work. Thus, the angiotensin test may prove useful for detecting impairment of myocardial function and for expressing the severity of the impairment in a quantitative form. and systemic vascular capacity in the dog. Circulation 25: 247, 1962 the conservatism responsible for opposition to Harvey's discovery delayed the acceptance of Auenbrugger's percussion. It was thus long before its time and did not receive any recognition until in 1808, the year before the author's death, J. N. Corvisart translated it into French for the second time, and naturally made much use of it in diagnosis, but little of auscultation, for the classical work of his pupil appeared two years only before his death. It is interesting to note that Laennec's last work as one of the Editors of the Journal de medecine was a review of Corvisart's translation of the Inventum novam. Percussion did not become generally adopted until later combined with auscultation, and was comparatively unknown in this country until the first English translation of the monograph was made in 1824 by Sir 
